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This paper is li review of the cmcrging uni fi ed view of the his tory of occun circulation and 
clinmtes during Ihe Paleogene (65·24 Ma) b.'lsed on cv idence from man y disciplines . Major 
threshold cvc nts al the Cretaceousrrert iary boundllry (65 Ma), in Ihe lates! Paleocene-carly 
Eocene (53-49 Ma) and near Ihe EoccncfOligoccnc boundary (JH Ma). that profoundly 
erfected the oceanographicJclimatic history of the world ocean. arc rcvicwcd with special 
emphasis . Inferred global surface circulation maps are prcsented on paleogeographi c 
reconstructions of the early Paleocene. middlc Eocene and la te Oligocene imervals . 
The Paleoge ne was characterized by cooli ng high latitude lempertltures and the development 
of greater la ti tudi nal thermal contrast that eventuafly Icd to the predominantl y glacial mode of 
the Neogene . According to one model. duri ng the Paleogene . the mode of deep waler 
forma tion changed from predominantly in Ihe low and mid la titudinal margi nal seas. producing 
warm , saline. bottom water, tha! wa !> characteristic o f the laie Cretaceous . to predom inantly in 
the high la titudinal areas. prod ucing cold, dense. bottom water , c haracteristic of the present 
t ime. 
Paleogene planktonic biogeographic dala (shifts of asscmbhlges through latitudes) and 
oxygen-isotopi c data show cooli ng event s in middle Paleoce ne , middle Eocene and near the 
Eocene/Ol igoce ne boundary , and a major wnrming event thal cul minated in peak warming 
dudng the early Eocene. Biogeographie data show additional coo!ing events in the earlieSI 
Paleocene and middJc Oligocene . and a wrlrming event in the hllcr middle Eocene. Plankton 
migrat ions data indicale that the middle Oligocene coulingepisode may ha ve been as severe as 
thal near the Eocene/Oligocene boundary. 

Oce(lIIvl. AC/(j. 19X1 . Proceedings 26'~ 1 nternat ional Geolot;iclli Congress, Geolog y of ocea ns 
symposiu m, Paris. Jul y 7-17, 1980. 71-82. 

Paléo-océa nographie paléogène synlhèse sur les océans du Cé nozoïq ue 
inférieur. 

Ce t art ide présente une re vue des idées générales é mise!> à propos de ln circu lation océ,lniquc 
et des d imllts au cours du Pa léogène (65-24 Ma) , basées sur dcs informai ions pro ve nant de 
différentes disciplines. On met l'acce nt sur les é vénements qui ont profondément affecté 
l' histoi re océanographique et climatiq uc de l'océan mondial à la limite Crétacé,Tertiaire 
(65 Ma). au Paléocènc inféricur-Èocène inférieur (53-49 Ma) e t vers la limite Èocène­
Oligocène (38 Ma). On présente des cartes de la c irculat ion générale de surf;,ce repor tée sur 
des reconstruc tions paléogéogmphiques des époq ues Paléocène inférieur, Èocè ne moyen et 
Oligocène supérieur. 
Le Paléogè ne est cun,e tér isé par un refroidissement da ns Ics zone~ Je h;lUh:~ h.tituJe!> ct le 
développement J' un plus grand contras te therm iq ue latitudinal. qui li éventuellement co nduit 
au mode glaciaire prédomi nllnl au Néogène. I) 'après un modèle. le mode de formation de l'c,HI 
profonde dura nt le Paléogènc es t passé d ' une production d 'eau profonde c haude et sa li ne dans 
les mers margi na le~ de basse et moyenne latitude . qui a camctérisé le Cré t:lcé supérieur , il une 
product ion d'eau profonde froide c t dense d:. ns les zones de hautes latitudes . carac térist ique 
de ["époq ue l.ct uelle. 
Les données biogéogra phiques sur le planc ton du l'aléogènc (ch:mgements u'assemblages 
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~uivlmt la lati tude) et celles sur les isotopes de ["oxygène mOntre nt des épisodes de 
refroidissement au Paléocène moyen. à l'Éocène moyen et près lie hl limite Éocène-Oligocène. 
ainsi qu'un épisode majeur de réchauffement. qui Il atleinll>On ma.\imum au cour .. de l'Éocêone 
inférieur. Les données biogéographiques montrent des épisode~ de rdroidissement ~upplé­
mentaires au Paléocène basal et à l'Ol igocène moyen. ainsi qu'un épi ... ode de réchauffement à 
la p:lrtie "upérieure de rEocène moyen. Les donnée ...... ur le~ migr..l tions plunçtoniques 
indiquent que I"épisode de refroidis ... ement de rOligocènc moyen" pu êt re aussi hru tal que 
cel ui de la limite Éocène-Oligocène. 

Oce(l/Iol. A ctn . 1981. Actes 26~ Congrès International de Géologie. colloque Géologie de~ 
océlln .... Pllds. 7-17 JUIl. 1990. 71-82. 

INTRO DUCTION 

ln the history o f the oceans. the Paleogene interval (65 to 
24 Ma) is perccived as an intermediate phase. characterized 
by changing thermal patterns in the world ocean and a 
transit ion from a predominantly thermospheric circulation 
to predominantly thermohaline circulation. as weil as from a 
non-glacial to a glacial mode. The Cretaceous oceans were 
characterized by high sen levels, warm high latitude tempe­
ratures. low thermal gradients and generally equable clima­
tes. A major threshold was crossed during the carly Tertiary 
when higher latitudes gradually bc:gan to cool. developing 
s teeper latjtudinal thermal gradients and accentuating seaso­
nal ity. that eventually culminated in the predominantly 
glacial Neogene and the atmospheric-hydrographic pallerns 
of loday. 

ln the pas t decade evidence from Il number of independent 
avenues of research is converging to provide ft unificd vicw 
of of the paleoceanography and paleocJimatoJogy of the 
Mesozoic and Cenozoic times . It has become evident that 
both long and short term events have influenced the global 
paleoceanographic pallerns. Long term events. such as 
those related to the vertical and horizontal crustal move­
ments and changes in the rates of spreading at ridge alles, 
and relatively short term evenlS, such as ope ning and 
closing o f marine passageways . have profoundly e ff ected 
the global hydrographie and atmospheric pallerns. which in 
turn influenced the evofution and di~tribution of organbm .. 
in the biosphere. 

This paper reviews the Paleogene oceanographic/climatic 
history of the world ocean. with special emphasis on the 
major events at the Cre taceous!fcrtiary boundary. in the 
latest Paleocene-early Eocene and near the 
Eocene/Ol igocene bou ndary. Earlie r reviews of the Meso­
zoic-Cenozoic paleoceanographic history of the world 
ocean include : Berggren and Holl is ter (1974: 1977). Berger 
(1979), Arthur (1979). va n Andel (1979) and Schnitker 
(1980). Regional syntheses can a lso bc: found in special 
volumes and papers: Atlantic Ocean (Talwani t'/ al., 1979), 
Soulh Atlantic (McCoy. Zimmerman. 1977). Indian Ocean 
(McGowran. 1978: Kidd . Davies. 1978; see also Heirtzler 
el ni., 1977: von der Borch . 1978). Pacific Ocean (van Andel 
et al .. 1975) and Southern Ocean (Kennell. 1977 ; 1978). To 
develop a background fo r the discussion of major threshold 
events. the general rcview of the oceanogr:..phic-climatic 
conditions of the Paleogene is presented fi rst in the section 
below. This is fol1owed by an extended discussion of the 
biotic cris is a t the Cretaceousrrertiary boundary . the clima­
tic optimum in the early Eocene. and the climatic deleriora· 
tion and fo rmation of the psychrosphere near the 
Eocene/Oligocene boundary . 
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TRANS ITION FROM THERMOSPI'IERICTOTHERMO­
HALl NE CIRCULATION: OCEANOGRAPHI C 
TRENDS IN TH E PALEOGENE 

The la Ie Cretaceous ocean was characterized by mild 
climates and a lack of s ignificanl temper"ture contrast 
between high and low lat itudes (Douglas. Savin. 1975). 
indicatinl! Ihal the surface and deep water ci rcula tion was 
probably sl uggish. Modular circu lation cxperiment s have 
shown the ell is tence of IWO surface cyclonic gyres in the 
Pacifie and a prominant clockwise syre in the widening 
Norlh Atlant ic (Luyendyk el al .. 1972). The late Cretaceous 
deep water temperatures were relatively warm as weil 
(Savi n, 1971), a condition rund:..mentally diHerent than the 
cold bottom water regime that developed in the mid 
Tertiary. 

Rece ntly Brass el al. (1980) have suggested that during the 
Crelaceous bou om water may have becn produced by the 
s inking of Wll rm , salty. water formed by evaporalio n in low 
and Olid latitude marginal seas. rather than by sinking of 
cold . dense. water formed in higher la titude marginal seas as 
al present time. DurÎng the late Cretaceous the area of 
epicontinental seas wi thin the zone of net evaporation 
(10-40"N and S la litudes) was re lat ively large. and Brass et 
ni. (op. Cil .) propose tha t th is led to the production of warm. 
high salinity. waters by cvaporat ion over the marginal seas. 
that sank to form the warm, saline bottom water (WSBW). 
char...cteriSlic of thil> interv .. l. These aUlhors al~o maintain 
that since the solubilit y of COl in water decreases with 
increasing tempe ra ture, during times when WSBW produc­
tion was large. atmospheric CO: leve!s ma y ha ve bc:en large 
as weil . and this would have led to increased poleward latent 
heatuansporl . decreasing the latitudinaJ thermal contras!. 

Brass el ni. (1980) go on 10 suggesl that lI rea of shallow sellS 
within the nel evaporation zone of low ar.d mid latitudes has 
decreascd through the Ce nozoic, particularly near the 
EoceneJOligocene boundary. caused bya wide regression 
that may ha\"e forced the transition to the mode of deep 
water formation to the higher 11IIitudes. This mode! implies 
that changes in the areas of marginal seas caused by lectonic 
and eustalic fluc tuations arc ul timately responsible for the 
mode of deep waler format ion and circulation. and forcing 
mechanism for dimatic c hange . 

The Paleocene world ocean (Fig. 1) conlinued to be 
dominated by the circulation pallerns cstabljshed during the 
Cretaceous. The paleo-Gulf Stream that developed in the 
Crelaceous , conlinued to rJow lowards the margins of the 
southern Labr.ldor Sea which had bc:gun opening by 
CampanianiMaeslrichtian time (Gradslein, Srivastava. 
1980). The Tethys Current . which dominated the tropical 
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Figurc 1 
/lIf~"fd global surfuce d reu/Mioll pM/erllot dl/rinx 11r~ el/ri )' 

Pu leu(·e"~ p/flfud IJII paleogeograph ie reCIJIU'IrU("liun of Smi th alld 
Oriden (1977), ... itll modifi(·/UitJIIS fur curaitl " SiOlIS based 011 
III nre tI~/(IlIld slUdilS and r~COIISlrurtl/JI'S b )' Mu/nurel ll i. (1975), 
& laltrCI lIl. (1977), Ta/K'uni Imd Eldllulm (1977), a"d Grudsltin 
//t.d Sri l 'aslm'a (1980). Clock"'ise l ubpoltlr 8)"ts i" rlrt sOlI/hem 
AI/ul/tic u"d /'(Id fi c Oce",,, art illf~rred /(1 "II I't r;ri~'lfd in tht 
IIbstnrt 0/ u d rcunr·Antart'lir C .. " t nl system. 

circulation, fl owed wes tward through the Tcth ys Seaway 
and the Panama Slra ils 10 form li circum.global tropic:11 
current. conlributÎng to the widespread di spersal of marine 
biota from Jurassic to mid Terliary (Hallam. 1969, Berg. 
gren . 1·lollis ter. 1974). An anli-clockwisc subpolar surface 
gyre had probabl y e,.; isted in the South Athmtic prior to 
carly Paleocene (Ciesielski . Wise . 1977) and an e:ls tward 
flowing current hugged the edge of Anlarctica and northern 
Aus tra lia . Clockwise flowing cells to the !>outh of the 
northward drifting Indian plate were the major fe atures of 
the Indian OecllO , The Tethys Current conlinued inlo the 
Pacifie as tlO equa torial current. and e,.;pcrimentaJ c ircula­
tion s t udie~ (Luyend yk el lI l " 1972) indica te two norlhern 
Hemisphere gyres with rel urn flow in the hÎgh latitw.lcs ( ... ~n 
Andel. 1979), ln Ihe absence of the cireum·Anta rc tic 
Current . ant i·cloc kwise gyres must ha ve e,.;is ted in the 
southern Pacif ie and Atltmtie Ocea n~ (~ee Fig, 1) . 

The Paleogene tectonic consider~l ions suggest a reduct ion 
o f the norlhern area in the Pac if ie :md lhe re !> ulting increase 
in the pole to pole as ymmelry probilbl y led to enhanced 
imporlance of the southern high la tilUdes as the source area 
for deep waters (SchnitkeT. 19HO). At this lime southern high 
lat il udes assumed an increased role in dccp wllter circula· 
tion for Indian and Atlantic Oceans as weIl. and 1\ 
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concomitent decTease in the shallow marginal seas wirhin 
Ihe low and mid latitude net evaporation zone (Brass el al" 
1980), set the stage for a change in Ihe mode of botto m 
wlltcr forma tion in the lower lalitudes in Creulceous 10 
higher latitudes in Ihe later Tertia ry. 

The major prlleogeographic events tha t infl uenced Ihe 
c ircula tion am.! sedimentlltion patterns in the Paleogene 
world OI:ell/l .lfe IÎsted in the Table along with the geoph ysi­
ca l and paleonlOlogicaJ sources for thcse eve nts. il mus t he 
emphasized, however. that the timi ng of a number o f these 
evenlS . based maint y on m'Ignetic anomaly patterns, a rc 
uppro,.; Îmute at hest . One o f Ihe main problems at the 
present time is assess ing c:\Use ,tnd effeet rela tion!!hips 
based on appro,.; imate dlili ng. 

Numerous important paleogeographie event s occurred 
dUTing the Paleocene , ln the Atlantic . the separ'll ion of 
Greenland and Scandinavia and the formation of Ihe 
embryonic Greenland and Norwegilln Seas had begun in the 
carly Paleoce ne between 60 lI nd 58 Ma (l'itman. Talwani . 
1972 : Talw'lni , Eldholm . 1977) (sec also Tuchol ke. Vogt . 
1979 and Eldho[m . Thiede . 1980 . for summaries of the 
tec tonie history of North AII.mlic ). 

During the Paleocene the southe rn Labrador Passage conti · 

MUjtH pultogtog.uphic tv~nts in th~ Pa/~ogt,,~ ,''''/ inf/"tnetd the ptlltQCtanographic MSlory of lhe world octan , 

AGE 

]. Early t'a]eoccne 
(60-58 Ma) 

2. ute r alcoçc: nc: 
(55·53 Ma) 

3. Early Eoce ne 
(Ca, 53 Ma) 

4. Late &lcene 
(Ca . 40 Ma) 

5, Late Eocene 
(40-37 Ma) 

6, ute Eocene 
(Ca. 38 Ma) 

7. F..oœnc:fOligocene 
Ooundary 
(39·37 Ma) 

8. Early Oligocçne 
(38·35 Ma) 

9. Early Oligocçnc: 
(37·35 Ma) 

10. Early Oligo<:enc 
(Ca. 35·33 Ma) 

II. Middle Qligocene 
(33·30 Ma) 

l'ALEOGEOGRAPHIC EVENTS 

Separation of Grccn]and and Scandinavia and the formation of Greenland and 
Norwegian Seu begins 
Ar.>stralia and Anlam ica Kpaflue and Ar.>slralÎa comll1(:nces drin;ng nor· 
thwards. Formation of the oçc:an between the two continents Ix:gins 
Open Norwegian·Grcenland Sea devclops sr.> rface water exehangc with the 
Aretic Ocean 
Sr.>bsKlenee of Soulh Tasman Risc permits ~ haltow eon ncetion bctween ]ndian 
and l'ad l'ic Qœans 
Tethys parl ia tly reStricled oonh and cast of Indian l'IUle 

leeland· Faeroc sitl sinkl below !iCa level for the fi l'$t time 

Complclion of Ihe open;ng of Labrador Sea which had begun in the Maestrich­
tian 

Shallow conneetion belween South Pacifk and Atlantic developed at Drake 
Pa$$8ge 
SelJllration of Greenland and Svalbard and availability of hiJher lalitudc water 
10 Nonh Atlantic 
Tethys Kvercly restriclcd in thc eastern pan due 10 uplift of lhe t-limalayas 

Isola tion of Antareliea eompleled afler fu n her ~ubsidencc: of South Tasman Risc 
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nued to widen, and the northern Labrador also beg;ln 
openinG (Laullhton. 1971: Gradstein. Srivastava. 1980). 
There arc som;: indication,> that the Greenland~Faeroc RidGe 
ma) hil\c bcgun si nking in the carlic .. t Eocene (Laughton. 
1971). By carly Eocene (ca. 53 Ma) the ncwly opcned 
Norwegian-Greenland Sea had developed surface w,lter 
exchange with the f\rctic Occ:m (Talwani. Eldholm. 1977; 
Thiede. 1980). 

ln the Indi:1n Ocean Ihere i, indication thal lndia may have 
.trrived at a subduction Lone in the Tethys Sea 10 the north 
,>omelime in Ihe late~t Paleocene-carly Eocene (Laughton el 
al .• 1973: Curray. Moore. 1974). Thi s did not severely 
re~lTic t the Tcthys Current which continued 10 flow wes­
tward through the northern pas~age and the triangular 
reentrant west of the Indian plate until the end of ellrly 
Eoçenc. during which lime the nOrlhern passage W3S fur ther 
reSlric ted. shifling the main flow to the west of the [ndian 
plate. Tethys Current conlinued 10 flow through this wes­
tern pa'lsage until late Eocene. This is evidenced by the 
prc:.encc of exten~ive nerilic and marginal marine deposits 
of middlc to laie Eocene lige in Pakistlln (McGowran. 1978). 
ln the Oligocene this rlow Ixcame sharply reduced and 
inlermittent. :mu may have become reSlTicled 10 a narrow 
southwestern pa~ .. age. 

III the Soulhern Ocean there is geophysical and paleontolo­
gical cvidence of the separation of Australia and Antarctic:I 
;md Ihe formation of ocean between the two continents in 
the late Paleocene (ca. 53 Ma) (Weisse!. Hayes. 1972; 
Kennell. 1977). The evenl is apparent from the erosional 
hiatuses of this age in the Tlisman Sea area (Kennen el (lI .. 
1975). The initial ~ubsidencc of the South Tasman Rise in 
the late Eocene allowed a shallow conneetion bctween the 
Illdian and Pacifie Oceans and set the s lage for Ihe ultimate 
de velopmenl of the circum-Antarctie circulation in the mid 
Cenozoic . 

The Greenl:md-lccland·Faeroe Ridge :.y:.tem forms a domi­
nant topographic high Ihal blocked the exchange of waters 
Ix tween the Norwegian-Greenland Sen und the North 
Atlantic (Vogt, 1972). The subsidence history of thîs ridge is 
therefore crucial 10 the undcrstanding of the paleoceanognl­
phy of Ihe region. According to Ewing and Hollisler (1972) 
the ridge m;iy havc subsided enough by the Jale Eocene to 
permit <l' Ica ~ t ~ome inflow of colder. dense. w:.ter into the 
North Atlantic and the ini tiation of North Atlantic Decp 
\Vater (NADW). Recently two sites (336 and 352) were 
drilled in this area during Leg 38 of the Dcep Sea Drilling 
Projecl (DSDP) and results suggest that Site 336 subsidcd 
below se;! icvcl during hile Eocene and early Oligocene 
(Tlilwani r, (lI.. 1976). This subsidence. however .led only 10 
a partial ~ubmergence of Ihe ridge, not sufficient for li 

:\ ignificanl outflow of NADW. The main ridge plateform did 
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not submerge bcfore the mîddle Miocene (Eldholm . Thicde . 
1980) which would have led 10 a substantia l flow of NADW 
into the North Atlanlic . 

The inferred surfaçe p:.reocirculation patterns during the 
middle Eocene arc shown in Figure 2. The patterns arc 
essentially :.im ilar 10 those in the early PlIleo<:ene (cf. 
Fig. 1). wilh the exception of a more restr icted Teth~'ian 

now from the Indian Ocean towllrds the Atlantic and the 
presence of li plissage between Australia and AntarCIÎCa that 
would have permined at least a restricted surface waler 
flow through the pas:\age. By this lime the Lilbrador 
Pas:'lIge was a host to active tram,ferenee of relatively warm 
North Atlantic water.~ inlO the Arctic (Gradstein. Srivas· 
tava. 1980). Thc Labrador Basin essenlially .tll:tined ilS 
present s i7e in the !:ttest Eocene. 

[n the late Eocene (ca . 40 Ma) the subsidence of the South 
Tusman Rise fin;llIy allowed :, frce surface connection 
between the Jndian and Pacifie Oceans (Kennett t'I al .. 
1975). which enhanced the development of the drcum­
Antrtrctic Curren!. and the isolation of Anlarc lica (with the 
exception of a still clo~ed Dwke Passage) was s ignificanl 
enough to Jc .. d to the fir~t large scale freezing at sea level 
(Kennell. 1977) and Ihe initiation of Anlarctie BOllom 
\Va ter (AAB\V) near the Eocene/Dligocene boundary (ca. 
38 Ma). This is evidenccd by Ihe widespread scouring of 
bOllom sed iments and the occurrence of erosiOllal hialuse~ 
in the Eas t Indian and SOUlwest Pacific Oceans in the earl y 
Dligocene. caused by the accelerated activit y of the bouom 
currents (Moore t't al .. 1978). This W;IS a lso a major 
threshold event Ihat Jed to the formation of the psychro­
~phcre (cold bottom layer of a two-/ayered ocean. 
char.tcterized by a psychrospheric fauna, Benson. 1975 ; 
Kennett . Shilckleton. 1976) and the deveJopment of a 
thermohaline circ ul:., inn (Kennett . 1977). Adeti, ion of youn­
ger, more oxyge nated . Wl"ller (with rel .. tiveJy lower conce n­
tration of CO, and Iherefore lower <tc idity) to Ihe boltom 
water re.l; ime resulted in marked drop in the calcite compe n­
sation depth (CC D) at Ihb time (Herger. 1973). 

One of the most importa nt Paleogene paleogeographie 
cvents was the opening of the Drake Plissage that cffccled 
devclopmenl of the circum-A ntarctÎC Current <lnd the 
complele thermal isolation of Ant,trctica. The date of this 
crucial e'vent h'l:' bcen a matter of debate bccause Ihe 
magnetic anomalies on bolh sides of the Passage are 
complcx and poorly understood . The most commonly 
quoted date for the establ ishme nt of a connection between 
South Pacifie :md Atlanlic is laie Dligocene. around 30 Mll 
(Barker. Ourrell, 1977 ; Kennell , 1977). However. more 
rece nt .. l1emplS al plate reconstructions indicate Chat atlcast 
a :.hallow connection existed al the Drake Pass<tge .. s early 
as the carly Oligocene. between 38 and 35 Ma (Scia ter • pers . 

Fil1ure 2 
Inft rrt d global surfau circulation patterns duri"g tlle middlt 
E"ctnt (Stt Cllp' ion of Fig. 1 for duta used for tht palt0I;I'/,grll' 
phie hau·lIIap). Tht Teth ys Curr/'nl 'lOr/II of tht IndiOIt PlOI/' mo:lY 
ho:ll·t bl'tn mort usrrkled /han shm,·n. mo:ljor entranet for III/' 
cu"tlU btillg '''l'S/ o/Iht In diQlI Plalt. Cloek ... isl.' sou/hem ArlalUie 
and Par/fir Octan IYUS ort $/ill l'mminalll dut /0 rht disrupled 
flu ... of d re."u/arillll armmd Ait/ore /ica berullse o//ilt still cloud 
/J'ak/' Passaltt. 
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comm .. 1980). The 101111 Ihermal isolation of Anlarclica was. 
on Ihe olher hand. nOi accompl ished unt il mid OI Îgocene 
(33-30 Ma) when South Tasman Rise subsÎded fu rlhe r. The 
deepcr connectÎon :l I Ihe Drake Pass(tge probably did nOI 
dcvelop until mÎddle Miocene . al about 15 10 16 Mli (Sc1uter. 
pers. comlll .• 1980). 
The early Oligocene (37-35 Ma) a lso saw the separation of 
Svalbard and Grecnland (Talw.mi. Eldholm. 1977) and the 
availabil it y of higher latitude source of colder water to the 
NOrlh At!;lntic . During the early Oligocene the north eastern 
part of the Tethys was a lmost eom pletely c1osed, which 
se verely reslt Îc ted the westward flow of the Tethys Cur­
rent , limil ing it to intermittent flow west of the Indian plate . 
By the; laie Oligoeene the global surfrtce c irculation pallerns 
had essentially eyolyed the major pre;scnt day reatures and 
looked substanlially diffcrcnt frorn those of the Paleocene­
Eoccne inte rva l kf. Fig.2 and 3). The most obyiou.~ 
chnnges were the development of the cÎreum-A ntarc tic 
Current. the ncar-cessation of the ellSlern pari of Telhys 
Currenl due 10 the Îni tial uplift of the Himarayas. and the 
exehltngc of North Allantic surface waters wilh Ihe Arclic. 
both through the Norwegian-Greenland Sea and Ihe L.llbra-
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dor Passage. Paleonlological evidcncc indiciitcs that there 
was li return rrow from the Arc tie inlO the Norlh Allanlic via 
the Labntdor Sea during the Irlte Oligocene (Gradstein. 
Srivastava. 1980) follow ing a globa l lowering of sell le vel in 
rllid Oligocene (Vail el lIl., 1977). Beca use of the evolut ion 
of cirCum-A nlarCIÎC Curre nt . Ihe smaller. dockwise. sou­
thern Hemisphere eyclonie gyres in both the South Paci rie 
and Atlantic were :oeverely restr ie ted . Olher major Oligo­
cene circulation patterns were lll\;llogous tO those inferred 
for the Eocene. 

PALEOGENE PALEOCLI MATES; DECLINE IN 
GLOBAL TE MPER ATURES 

Cenozoie g lobal clim31es have becn eh:.rac lerizcd by Ihe 
stcp-likc transitions from one quas i-equilibrium shtle lu 
il no ther (Kenne tt . 1978 ; Herger . 1979). The Cenozoic 
cl imates as a whole show a markeu decline in glob:.1 
tempcnllures al higher llilitudes. as indicated by the pro­
grcs:oiye inerease in Su D values of benthic foraminifera (:oce 
Fig. 4) (Shackleton. Kcnnell . 1975; Savi n. 1977). 
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But h the pa lcontolo~ical a nd the oxy~en- i~otopk record arc 
re le ... a nt to the delînea tion of Paleogene clirnates. The 
paleontologieal record i ~ e ,:.entia ll y in the fo rrn of p lankto­
nic paleobiogeographie pa ttern ... whieh reveal nurnerou:. 
poleward e-.:tens Îons o f tropical assemblage~. and eqo:l­
torw::.rd e xten:.ion:. of cold . highc r la titude . assemblage .. 
duri ng certain time in ten'ah tHaq . Lohmann . 1976 : ~Iaq el 

(If .. 1977). 

P:llcobiol:efI~n.phic Record 

Figure 5 ÎIIuStrates the major cak areous planktonic (nanno­
fo!>!> il ::l!Id planklOni c fOrfllll inifer;ll) migr;ttionary patterns 
during the carly Ccnozoic in the North Atlantic Deelm (Haq 
et III . . 1977 ). Migrations !Oward ~ higher latitude~ are inter­
pre ted a ~ !Jeing eau!>ed by climat ic warming and IOwards 
lower I lltilUde~ by climati~~ cooli ng. Thesc c ... cnts indicate :1 
relati ... e!y cool earliest Paleocene (65-63 Ma). folJowed bya 
wa rming bClwcen 63 and 6() Ma. An important cooling e ... enl 
occurred in the middle P;tlcoccne (60-57 Ma) when both high 
lati tude na nnofl oral and pl:lOktonic fontminiferal assem bla· 
ges s how a marked s hift into the lower l;tlitode:. . The e ... ent 
is fo llowed by a marked wanning in the laie Pa leocene-Cllrl y 
Eocene (53-49 fl.b). indicated by the s hift o f low latitude 
assemblages into high lat itude:.. as far nonh as 50-55~N. 

Thc late Pa leocene warming ITem:! culrninated in period of 
peak warm ing during the early Eocene , probab! y the war­
mes t inter ... al of the Cenozoic (l'l aq et al .. 1977). Da ta frorn 
terrestrial rlora and Cauna çorroborale this peak warming 
:md abo :.ugge:. t th.tt the warm . tropica Vsubtropieal belt 
e xpa nded 10 double ib pre:.cnl Imitod in'II eXlcnL Tro pical 
riOTa on the west COMt of North Americ<l exte nded as f:tr 
north a !> 45"N latit ude and tempcr3le floras up 10 60 N in the 
Gulf of A la s ka in the carl y Eocetlc lWolfe. 1976). The 
Elle~merc Island . norlh of Baffin Bay in the Ca nad ian 
Arc tie . 11iI ~ yielded a rich carl y Eocene ... ertebrate fauna. 
adapted 10 warm condition:. . indicliling min imum tempera · 
turcs of IO-12"C during wi,liers (E<; tes. 1·l ulc hi)on. 1980 : 
Mc Kcnna. 1980), 
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Marine assemblage migra tions in the North At lant ic (<;ee 
Fig . 5) sug~es t a middle Eocene (46·44 Ma) cooling, whc n 
highe r la tit ude asse mblage:. :.how a no lher incurs ion iOlo 
lower Ili t i t ude~. This b foJlo wed by a ~c nera l cl imatio: 
:Imelioration. ontil a :.econd important incur!> ion o f higher 
tôt lilude assemblage, into lower latitudes near the 
EocenelDligocene boundary (38-36 l\·la). A thi rd in ... a,ion of 
highe r la titude :t:.!>c mbl:lges into lower la ti tudes occurrcd in 
the mid Ol igocene , indiCl;ting anOlher cooling epi~oJe 

between 32 and 30 Ma . Thi !> cooling e ... ent wa:. apparentl) 
equa l in in te nsilY tO fhe la tes t Eocene-carly Oligocene e\ent 
of nwrked clim:ttic de terio ration (Haq el ul .. 1977 ). 

O:<tygen-isotopic RCl'ord 

The oxygen-iso topic paleociimatic da ta from ... ariou~ par1~ 

of the ocea n ltgrces remarkably weI! wi th the paleoclima tic 
conc lus ion:. Ixlset! on Paleogene cak;trcoos plunktonic tem­
ponti tl nd s p:llial s hifb, l n Figore 6 the Paleogene oxY(;en 
iso tope data from various :.ources has been <; ommarized. 
The cun·c !> from North Afla ntic DSDP Site 3':.1~ (Vergnaud­
Gran ini et ul . . 1978) tlnd North Sea (Buchard!, 1978) s how a 
relati ... cJy cooler ea rl y Paleocene (Iower 6'~O ... alucs). Hoer­
:'nlll ~lOd S h:lckleto n (1 977) and Boersrna 1'1 al. (1979) ha ... e 
docurnen1ed li dccrease in the ~nthic isotopie fempe ril tu re 
in the lIlid Paleocene at the South Atlantic DSlJ P Site J57. 
tlnd the wes tern North Atlanlie Site 384. At the laner s ite 
the planktonic fo raminiferal data also s how low isotopie 
ternperalUres bc tween 61 il nd 60 1\1a. 

The latest l'aleocene-early Eocene clirnatic arneliorat ion has 
been doculnented În numeroos oxygen.i!>otopic s tudies a nd 
is ob ... io os in flil the cur ... c s reproduced in Figu re 6. Bo th the 
benthic lInd planktonie forarnin iferal da ta s how a decre;;sc 
in &" 0 va lue s. S huddelon aod Kennet! (1975) reco rded high 
isotopie temperatures based bolh of pla nklonic and benthic 
species in 1he ~oulhe rn high Itltitude Sile 277 . Bochardt"s 
t 1978) moll u ~crtn oxygcn-isotopic cur ... e show il s harp fi sc in 
palco1cmpcratures of s hallow m:' rg inal sea~ in NW Europe 
during I"te Paleoccne-ertrly Eoce ne inler ... "I . Si milar trend, 

Figure 5 
A. SU //I//Iu,.,· Q/ IIuII"op uful .",d plonS;I ,,"lc /o, ll/mlll/ual 
migrll/;mu I l lfQUg11 l,u;/UJu i/l/upu u d os a rupmul' 10 //IU;o' 
elima lk p lle/Ual iQIIS JI/ ring 1/,1' PU/I'Of.:l'nt in Il,1' Nunlr A. I/all · 
li,· o..l'un , Tltf slril/S 01 lu ... -lul iluJI' usumblogl'S lu IriK'lff 
lo l i /Udts ("'hil l' /J fm ... sj iI,diellu ,,·o'min&s. u lld sllills 01 
Iligh-lmiw JI' asSl'mbloKn If} /f} " 'u lurifl.dl's (blocS; ur"''''sJ 
i"di<"o le C/lOlinR 1'1·l'nIS. T lrl'sl' pa ll em.~ hl'lp ill fI, l' illl('fp ,,·fII· 
l io ll ul tI,1' dimlllk lris/O, )" ( , l'lm;'/, ("(wli llg and "'o m li"K 
l'piS(Jdes) QI tI,/' tH lim lie Ptlll'flRI'II t (aIl" H all e l al.. 1')77) . 
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Figure 6 
Paleoger!t oxygen-isotopl(' palrofempe­
ru/urt dul.l /rOIll "urinus sm/rUJ. 
!'Im,kllluic and bell/hic ! '·O data /rom 
5111' 277 (Campbell Plateau. Sa llllu,'u/ 
Pucifie OaulI) a/lfr 5huckle/On und 
Kenlltll (1915); da/a / rolll Sites 400. 
401 und J9B (Nonh AI/umlr OUUII) 
a/rtr Vtrgnm.d·Ortlu llli el ;.1 . (l911J). 
und 11101111$<"1111 (Iutu /mm NW E"ropt 
und tilt North SM aIrer Huchurdt 
(1918). Major cl/ma/le tl'<,ms (ill mide/le 
Puleount . t llrly E(J("tnt und al tht 
EQCent!lOliKQ("en~ bouudury) ure ltlu,I;ee/ 
by ('ollr!t('/ins hariwn/o/ IInes. 

have also becn recorded from sequences al Siles 398 and 
401 in the North Atlantic by Vergnaud-Grazzini et Ill. (1978) 
in both the bcnthic and planktonie Foraminifera. 

After the e;lrly Eocene peak warming, the isotopic curves 
~how a long term cool ing trend that culminaled in a sharp 
decrease in both the planklonic and benthic isotopic paleo­
temperal ures nCll r the Eocene/Oligocene boundary. The 
middle Eocene cooling indicated by assemblage migratio­
nary patterns (see Fig. 5) is also evident from the oxygen­
isotopie dala from Site 217 (Shackleton. Kennett. 1975) and 
at Site 357 (Bocrsma, Shackleton. 1977). 

The la te Eocene-early Ol igoce ne cooling event has becn 
weil doc umenled in the oxygcn-isotopic record. At S ite 277 
a sharp drop in surface and bollom temperalUres in evidenl 
(S hacklelOn. Kennet!, 1975); at North Atlantie Sites 398 
and 401 a marked cooling trend has been recorded (Ver· 
gnaud-Grazzini el al .• 1978). and the NW European data 
show a sim ilnr precipitous drop at the EoccneJOl igocene 
boundary (Buchardl. 1978). This sharp cooling ncar the 
EoceneJOligocene boundary is one of the step-l ike trans i­
tions, chamcteristic of Cenozoie global elimates (see di scus­
sion under " terminal Eocene evenl"). The mid Oligocene 
cool ing evcnt is nOI obvious in the isotopic record whieh 
shows relatively low amplitude varia tio ns during most of the 
Oligocene. 

THE CATA STROPHIC EVENT AT THE 
CRETACEOUSffERTlARY BOUNDARY 

The Cre laceousITertiary (KfT) boundary is conveniently 
plllced near one of the most dramatic events in Earth 
history, marked by the dcpletion of a large percentage of 
world's biola in a re lalively short time . Less than 25 % of 
late Cretaceous species survived into the Tertiaty. In the 
ocean the revolutionary aspect oi this event is evidcnt from 
the widespread presence of days and harcl-grounds at the 
boundary. The land-based mari ne sections mOSI oflen show 
a marked hiatus II I the boundary. T he Ce nozoie thus began 
with what was an cvenl of relatively short duration (on the 
order of 10,000 years : Kent, 1978), bUI of calastrophic 
proportions. Among the matine gro ups most effected by 
this event were the phyto. and zooplankton, the ammonites 
and belemniles. the shal1ow-dwelling echinoderms. corals, 
ma ny bivalve groups, large be nthie foramini fe ra and the 
large marine reptiles. On land. lhe dinosaurs and the flying 
rept iles were the most celebrated casualties (al though there 
i5 still sorne doubl liS 10 the synchroniety of the plankton 
;lOd reptilian ex tinc tions). Recent paleobotanicl.1 work sug· 
gests that there WilS an abrupt change in the terreslria l flora s 
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across the Krr boundllry as weil (Krassilov vide Halla m, 
1979). Deep watcr benth ics and fre sh water faunas remained 
relatively unafrected by this o therwise al1.ernbracing event. 

ln rccent years there has been a great rcvival of interest in 
the terminal CrelaceouS event. Speculations about the 
reasons fo r this revolulionary event abound , and invoke 
both terrestria l and extra-terrestrial causes. Sharp chllOges 
in elimate, dcpletionof nutricnts. poisoningof the water and 
a tmosphere, phys ical catastrophes, magnetic reversais, cos· 
mic and supernovae radiation. and impact of meteorites. 
asleroids and comets ha vc a il been proposed as possible 
causes (see Beland el al., 1977. and Russell. 1977, for recent 
reviews on the subjcct of KIT boundary event). 

Recent discovery of enrichment over the background levels 
of lIidium and o ther noble elements in the sediment layers 
a t the Kff boundary in sections f rom Italy, New Zealand 
and Denmark (Alvarez et al . . 1980; Ganapathy, 1980) and 
Spain (Smil, Hertogen , 191:10) lend credence 10 an extra­
terres lria l cause of this calas ltophic event. The isotopic 
composition o f Iridium in the boundllry elays suggests an 
extra-terres trial source wit hin the solar system (Alvarez el 
Ill .. 1979) and a meteoritic or asteroidal impact, rather than a 
supernova, is now favoted by the proponents of the 
ex tra-terrestrial causes. The sce nario proposes a 
post-impact distribut ion of pulverized rock in the a tmo­
sphere over the cnti re globe fOf several yClUS. resulling in 
bot h the healing-up and darkening of the atmosphere. The 
suppression of photosynthes is would have an immediate 
del rimental eHect on biota. Emiliani (1980) suggestcd that 
such an impact of a large Apollo object would introduce an 
exceptionalJy large amount of energy in li short lime which, 
if trapped as heat cnergy , would have raised the tem pera­
lure of the upper 50 m of the ocea ns und the lower 
troposphere by sorne 5-HrC. Such an incrcase would be 
lethal 10 flo ra und fauna in the lower lati tudes, and Emiliani 
believes this to be the rea.~on for the extinctions to have 
been relat iveJy less severe in the higher la titudes and deeper 
waters. 

A variation on the theme of the extra-terrestrial ca use has 
been suggested by Hsü (1980), who maintains thatlhe land 
animaIs were kî11ed by the atmospherie heating during a 
cometary impact. and the marine calc • .reous plankton 
extinctions fo llowed fIS a consequence of poisoning by 
cyanide released from the cornet and the rise of the CCD in 
the oceans a lle r detoxification of the cyanide . Hsü believes 
that the systematic search for the impaci crater should be 
concentrated in the ocean, which would he the most likely 
place for such a {eature (si nce the oceans coyer a 73 % arell 
of the globe), assuming thm il has not al ready disappeared 
by subduction. 
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Aillons the terrcstrial cau~es for the KIT boundary biosphe­
ric revolution. the mo~t intriguing reeent suggesl ion hll!> 
been the Arctic "!>pill+ovcr" (Gartner, Keany, 1978) or Ihe 
"injection event" (Thierstein, Berger, 1978). Thi!> model 
requires the i:.olation of the Arctic Ocean in the I:HeSt 
Cretllceous. which would have turned this basin into a body 
of fresh or brackish waler, that ~ubsequently reconnecled 10 
Ihe North Atlantic 65 million) )'ears ago. at the time uf Ihe 
initial rif!ing between Greenl:md and Norway. Intrusion of 
:.alinc waters trom the Nurlh Atlantic would ha\'e f1u~hed 
the lighter Arclic waler which would ha ve spilled over into 
Ihe North and South Atlantic and rapidly covered the enlire 
world ocean with a layer of cooler, low salinit y, waler. Thi s 
injec tion of lower·s,tlinity W,tter would have an immedi;tle 
detrimental effeet on the open·oeean plankton. bUl the 
deeper living speeie~ would rem,lin relatively uneUeeled . 
Gartner and McGuirk (1979) a rgue that Ihis event would be 
fo llowed by r;lpid and marked c hanges in global climates, by 
lowering the temperalUre :md precipitation, triggering a 
:.eries of ecologic disa:.ter:. that would radically change Ihe 
dis tribution patterns of vellel:uion on the earth and lead lU 
the extinction of dinosaurs and o ther I;md animais. 

Two diHerent Hnes of e vidence were brought tO beM upon 
Ihe Arctic spill-over model for the KIT boundary event. Thc 
"crucial" cvidcnce prese nteJ by Gartner and Keany (978) 
wrl~ the presence of thick nannofos:.il-bearing Maestrieht ian 
seque nces beluw and abo\'e n thin IlLyer cont;lining Dnnian 
nannofossils in a North Sea weil. They argued the so-called 
Danian nannoplank ton dcvcloped in an isulated Arctic 
Juring the laIe !\'\aestricht illn and their presence withi n the 
(a~sumeJ) ill sirli Maestrichtirm sugges ts a temporary inlnl­
sion of the Arctic waters into the North Sea, represcnting fi 
dmstic change in the normal marine conditions. Pereh· 
Nieben et al. (1979) and Wltt[:. et 01. (1980), howe\'er. have 
l>tken i,~lJ.c wilh Ih;~ ÎnlerprellllÎon. and show rea~on ror 
reinterpreting the thick Mae~trichtian :.equencc above Ihe 
th in Oanian layer a:. ;t reworkcd depos il of debris-flow 
origin (redeposited during l,Ile Oanian), a phenomenun not 
uncommon in the North Sca :.equences. 

The ~econd line of e"idence, that Thierstein and Berge r 
(1978) base their c;l~e upon. was the dramatic dccrea~e in 
the oxygcn and carbon isotopic values in Ihe carbonate 
fine-fr;lClion Ihat they recorded :tcross the Kff boundary in 
DSOJl Site 356!,)n Sao l'aolo Plateau in thc South Atl;.ntIC. 
ln more recent s tudies Ihis shift in i~otopic val ues doe~nul 
:.eem to be apparent in the plank lonic fOTôtminifera (Uoer. 
:.ma. Shackleton . 1979: Thientein. pers. comm" 1980). and 
the argument for a fre~h-w,ltcr ]:Iyer accounting for thc 
decrease in oxygen isotopie \'lIluc~ has been con,iderilbly 
weakened. 

ln ilddition to the above counter :u gumenls. Ihere aho 
)ecms to be con~ iderable doubt as to the probabilit y of 
i,oliltiun ltnd subsequent reconnection of the Arct ic Occa n 
near the KIT boundary. which j , il ('(II/SCl sine qI/a /1011 uf the 
Arctie spil'-over mode!. Both Gartner and Keany (1978) antl 
Thierstein and Berger (197~) eon,ider the initial rifting 
between Greenland and Norway to have oecurred at the 
Krr boundaq' and the passage thu:. produced to ha\e been 
continuous and wide enough for the North Atlantic water~ 
tu intrude inlo the Arctic , The masnetie :mornaly data. 
however, ~upport a con~iderably yuunger age for the initial 
opening of thi:. P;ls)ltge. TalwanÎ rmd Eldholm's (1977) dala 
cleilrly shows the olde)t unonmly in the Norwegian­
Greenhlnd Sea to be :.numaly 24 - Ihere Î ~ nu evidcnce of 
a nomaly 25 in the region. Thh it~~igns the olde:. t pu:.~ i ble 

aGe of 5K Mil (betwcen anomalie, 24 anù 25). to the initial 
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rifl ing, which could have produced a cont inuou~ open 
passage between the tWO uceans. In addition there is now 
evidenee that :.ugges ts a narrow sea strai l linking the North 
Atlantic with the Arclic through the Labrador P,I~~,lge ~ince 

the Campanian, with surface circula tion IOward ~ the Arctic 
(Gmd~te i n. Sriva~tava, 1980). 

ln spite of the diversity of explanat ions oHereti for the 
terminal Crelaceous clltOl)trophe. none seems to salisry ail 
the avai lable faclS , and the controversy is likely to continue 
in the future. Ho\\<e ver. the scenarios sugges ted by each 
modcl. whether it he maskins of :.unliGht and supre:.~iun of 
photosynthesis. or the temporary poisoning of the oceanS. 
or Ihe rapid Jowering of :.alini ty of the surfilcc waters, ail 
have the potential of proJucing a marked dest'lbliLing effect 
on the oceanie plankton. <md through them on the CO. 
cycle, the di mate antl ultimately the terre~tr ial flora anJ 
fauna a~ weil. 

T I-I E EARLY EOCENE CLiMATIC OPTIMUM 

As mentioned e;trlier. the laIe Paleocene global warming 
trend culrninated in the eurly Eocene in the warmest interval 
of the ent irc Cen07.0ic. This period (53-49 ~'I a) seem:. to 
have becn the bc:. t pos~ible scena rio for the opt imltl spread 
and s rowth of temperate marine biota. A wide-spread 
transgression (Vail el (II .. 1977) apparently enlarged the 
ecospace for marine org,misrns. lncreased prad uct;"ity led 
to high c,lrbon;lte (and tOlal sediment) accumulation ra tes 
(Da vies et (d .. 1977) in the la ter part of carly Eocene and 
early middle Eocene (Fig. 7), The oceanic :.ections :.how the 
lowest occurrence of hialuses in the early Eocene (Moore el 

al .. 1978). partly due to the increased productivity ;md 
parlly due 10 rela tively tr;mquil bottom condition~ Ihat 
prev;ti led at this time. The early 10 carly middle Eocene 
interval alsu ~ how:. highesl diversi ties in the IWO major 
phytoplanktonic groups. i.e. calcareous nannoplankton 
( I-J aq. 1973), :md dinoflagellate, (Uujak, William~, 1979). 
The peak diversity in the depentlent zooplankton, such il' 
the planktunic foraminifera. show il slight time-Ias and 
occurred in the miJdle Eocene (Fischer, Arthur. 1977 : sec 
FiS. 8). With the exception of the dinoflagellalcs which 
show a second dl\er:.ity peak in the la te Eocene. planklOn 
gruup:. :.how a gencral dedine in diver:.ity in the rernainder 
of the middle Eocenc tO late Eocene. and Ihen :1 sharp 
dedÎne in the carly OliGocene. 

As rnentioncJ carlier. tropical il nd temperate flom and 
fauna migrated into the higher latitudes in respon~e to thi ~ 
warrning event. The occurrence of temperatc floral ele­
ments as far as 60 N. led Wolfe (197K) to propo:.e thm Ihe 
Milankoviteh mechani~m (change in the tilt uf earth'~ 
ro ta t;onal axi~ duc tu pcrlurb:lliuns. preces~ion :md Olher 
phcnomena) wa, re'pon:.ible for the existence of the 
broad-Ieavcd evergreen~ that require ~ufficien t light 
Ihroughout the year (i.e. lack of long dark w;nler) al these 
la titudes. Wolfe ~uggcMed that the lack of sea!>on;lliI Y ,md 
low latitudinal temperllture gr.tdients would require a cun:.i· 
derftbly ~maller tilt -axis and hypolhized that the tilt axis may 
h,l\e decreased gradually during the P;tleocene to middle 
Eocene. from il villuc of aboul 10 to 5 , and Ihen incre;lsed 
rapidly thereafter 10 25·30 by the end of Eocene - with the 
re:.ultant cffects on glob;11 lectonic~. climates and eve n­
tually the bio~phere itsclf. Indcpenden! evidence fur a large 
~hjft in the tilt uf Earlh's rotational a ." i ~. howe\oer. :.Iill ha!> 
\0 documented for the p:.leogcne. 
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Figure 7 
Pulrogmt! st!dimt!fllalogieal data p lalfrJ fJJ{fJinSf ,;Iobdf rusw ­
lie C'yd es N'C'oglli;:.rd b)' VaU el al. (l977). St!J iml'lIf aC'c llmlllfJ­
lion ",Ir$ aflt!r IJa .. irs el al. (1977). f l llClualia llS ill Ih l' CCD 
afler ,'ail A"Jr l et al. (1975) and l!iM'UtJ ill Ih t " 'orld 0('('(111 

aflrr M onu el al. (1978). 

" 

" 

" 

.. 
Figure 8 

CALe P\...ANlf toN llIVERSITY IN:) Of SPP I 

o ~ 101$20n30 S'40.~ 
j 1 

,. 
! 
1 

1 
1 , 

, 
1 

, -

Iii 
' 30 .~ .10 .90 210 

OINCf'lAGl':l l.TES IN:) Of SPf'1 

PI/III/aVIlie di l'ersil )' (1Il1mber of rt!C'orJt!d l'l,tcit!s) Jurillg (/,r l'alto_ 
gril l'. l 'I lmlill/ll ie; f o ramill iferal data af lrr Fischerlllld Arthur (1977). 
C'll k auo lls lIaltltof ossil dM/1 aflu Haq (l'I7J) and Jilloflagr llalt 
dU1i1 (111rr IJlljtlli IlI1d \Villil"lts (197'1). 

T ERr.H NAL EOCENE EVENT 

The Eocene/Ol igoccne (E/O) boundary even l reprcsenlS (he 
rn05;1 drama lic s tep-l ike cooling episode wit hin the larger 
cooling Irend or the Cenozoie (Berger . 1979), Th is event 
c .. u~d wide.spread ctimatie delcr iormion. f int doeumented 
in sorne detail by SllVin rI al. (1975) llnd Sh,Il;: kleton and 
Kennell (1975). A more delailed s tud y ac ro!>s the boundary 
on Site 277 on Co,mpbell PI:lleau in the 5;oulhwest Pacifie by 
Kennelt and Shackleton (1976) documenled 11 sharp drop in 
the iso to pic p:lleolempernture in the carlie!>l Oligocene (now 
cons idered to he closer 10 the ElO boundary). T hese aU/hors 
sugges ted Ihal the 4_5°C drop in boltOOl water temperalures . 
refl ec ts the development of Ihe psychrosphere as sugges led 
earlier by Bcnson (1975). The shllfp drop in the botlom und 
surface wrlter le rn pcr:Hures al the E/O boundary have s ince 
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been documenlcd in numerous olher oxygcn-isotopic stu­
dies of marine seclions in diffcrenl oce:lns (see Fig. 6). 
However, there is slili sorne ques tion as 10 the timing of the 
developmeOl of the psychrospheric regime. Corl iss 's (1979) 
slUd y of benthic foraminifera across the EIO boundary al 
Sile 277 reveats a grad uai cha nge in the benthic assemblages 
in Ihe latest Eocene. indicating in graduaI deve lopmenl of 
the psyc hrosphere beforc the sh,1rp drop in iso topie tempe­
rat ures . 

The terminal Eocene evcnl WliS the antit hes is of the carly 
Eocene climat ic opti mum. with ,Id verse dfects on marine 
biola . The d iversity of both the phyto- and zooplankton 
groups declined rapidly a l this thrcshold (see Fig. 8). 

Kennetl and Shackleton (1976) proposed that the enrj­
c hment of benthic 8''0 represents the Onset of cold boltom 
waler act ivity that bega n when Tasman Se .. opened enough 
to permit al least a partial thermal isolat ion of Antarct ica 
and extensive cool ing a t SCl1-level that would have led to 
boltorn water for mation in signiCicallt q uanti ties. T he deve· 
lopmenl of psychrospheric circu la tion is a lso held rcspons i­
ble fo r the occ urrence o( wide-spread eariy Oligocene 
himuses in the deep sea (Davies el al . . 1975. Moore r i lIl .. 
1978 : sec Fig. 7). The reduced corrosiveness of the new 
(more oxygcOlited) bQllom water is thoughl to have led to 
the stcep plunge of the CCD in the cquatori:11 Pacifie 
(Berger. 1973 : van Andel rt lJ/ .• 1975 : sec Fig . 7). T he drop 
in CC D i!> a lso evidenl in Ihe drnmalic change in benthie 
raulm obscrved a t DSDP Site 111 in the Labrador Sel! . 
whcre prcdominanlly aggluti nated roraminiferaf assembla­
ges lire flbrupt ly repl,lced by clllcareous b\:nl hic assembla­
ges fl CroSS the E/O boundary (Millcr el (II . . 1980). 

T hierstein <Ind Berger (1978) once .. gain favour the bolation 
flnd reconnection of the Arc tie to h[lve caused Ihc lermim.1 
Eocene event. They argue Iha! li mpid sprelld of brackish 
Wliler from thc Arclic Ocean would d is rupt the heat 
exchlmge between the deep und surface waters , rcducing 
the moderating influence of the ocean on the glObal clinwle. 
and subsequenlJy resulting in snow llccumuJation on Anlar­
ctica and rormation of boltom wllter. In thei r modcl these 
aUlhors suggested tha! the injection of lower sal inity water 
would ca use a glob;!1 decrease in SuC vlllues in benlhic 
fora minifem. Although such li dectcl'lse Ims bcen recordcd 
in some sect ions. il is not univers .. 1 (see. e.g .. Sile 292 dal:! 
from Ile llhrun Rise in the Phil ippines Sea in Kei~wi n , 19XO). 
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Morcover. there is no evidence of a tectonically (or eustat i­
c'llly) cfJused isolation (and reconnection) of the Arclic 
Ocenn at the end o f the Eocene epoch. On the contrary , 
G radstcin and Srivas t<lv'l (1980) show thm middle to lower 
b<i thyal (1.000-1 .000 m depth) condit ions to have existed in 
the Barrin B'ly. and an open conneclion from the North 
Atlant ic to the Arctic. throughout the' late Eocene and early 
Oligocene. The rel<ilively minor regression near the ElO 
boundary documented by Vaîl er al. (1977) was no! signiri­
cant enough to hnve d isrupted this connection. 

EPILOGUE 

As data from various dirrerent lines of investig<ltions 
lIec umulates, the outlines of Mesozoic and Cenozoic paleo­
ceanognlphy is emerging _ a brief accounl of the inferred 
Paleogene patterns and the more marked evenlS during this 
interval has been presented above. Il is obvious [rom this 
discussion thilt fi number of important questions need 10 he 
rcsolved before more deta iled paleocean ic reconstruct ions 
can bc allempted with confidence. Foremost of these 
proble ms is fi more accurate resolution of the timing of 
opening and closing of oceanÎC pllthways. Prime questions 
thal need immed iate ttttention a re: 
1) a more accur<lte estimate of the timing of opening of the 
Norwegian-Greenland Sea and the establ ishme nt of the 
Arclic-Atlantic connection : 
2) the resol ution of the plate tec to nic history o f the Arct ic 
basin ilself. beyond the resolution offered by the earlier 
studies (e.g. Hermn el a/ .. 1974), especially the his to ry of 
the passageways of the Arctic walers through alternative 
routes such as the Labrador Sea and the Bering Stnlit : 
3) a more accurate reco ns truc tion o f the history of subsi­
de nce (and periodic emergence 'f) of the Greenla nd-Iceland­
Flleroe Ridge. which is crucial to the understanding of the 
initiat ion of NA DW and ils important influe nce on the 
pll!coeca nography of Ihe world ocean: 
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4) the timing of the development of the shttlJow connection 
for surface currents. and subsequently the deep connection . 
al Drake Passage _ estimates for the shal10w connection 
vary from 38 Ma (Sclaler. pen. comm.) to JO Ma (Har].;er. 
Burrell. 1977). The ini t ial developme nt of a shallow connec­
tion must have led 10 an efFective thermal isolation of 
Anwrctica, and if the aider estimale of this event is correct. 
the E/O boundary clim'lIÎC decline mus t have been p;mly 
ca used by this event ; 
S) Vail et a/." .. (1977) outline of eustatic cycles provides an 
important s lep (orward in the s tudy of paleoceans. It i~ 
becommi ng ob ... ious that fluctuat io ns in sea-Ievel provide 
the pr imllry forcing mechanism fo r oceanographic and 
climatic changes. rates of sediment suppl Y 10 the ocettns, 
a nd ultimately the biologie evolution. However. the magni­
tude and the timing of the transgressive and regressive 
events nced better resolution if we are to use this informa­
tiç n effectively in the unravelling the history of the pll1eo­
ceans. 

Most of these and other important questions requiTe an 
interdisciplinary approach. and if Ihe recent trend is a ny 
indication. the lime seems ripe fo r grea ter cooperative 
effort, without which meaningful p.aleoceanographic 
reconstructions ca nnot be attem pted. 
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